A one dimensional (1-D), isothermal model for a direct methanol fuel cell (DMFC) is presented. This model accounts for the kinetics of the multi-step methanol oxidation reaction at the anode. Diffusion and crossover of methanol are modeled and the mixed potential of the oxygen cathode due to methanol crossover is included. Kinetic and diffusional parameters are estimated by comparing the model to data from a 25 cm 2 DMFC. This semi-analytical model can be solved rapidly so that it is suitable for inclusion in real-time system level DMFC simulations.
INTRODUCTION
Direct Methanol Fuel Cells (DMFCs) are currently being investigated as alternative power source to batteries for portable applications because they can offer higher energy densities. However, two factors limit the performance of DMFC systems: crossover of methanol from anode to cathode and the slow kinetics of the electrochemical oxidation of methanol at the anode.
The crossover of methanol lowers the system efficiency and decreases cell potential due to corrosion at the cathode. Figure 1 illustrates the electrochemistry and transport phenomena in DMFCs. Electrochemical oxidation of methanol occurs at both anode and cathode, but corrosion current at the cathode produces no usable work. Several experimental and modeling studies have characterized methanol crossover in DMFCs [1] [2] [3] [4] .
The kinetics of DMFCs are complicated because the reaction mechanism involves adsorption of methanol and several reaction steps including the oxidation of CO. Figure 2 shows a possible network of reaction pathways by which the electrochemical oxidation of methanol occurs. Catalysis studies have attempted to analyze possible reaction pathways to find the main pathway of methanol oxidation [6] [7] [8] . Most studies conclude that the reaction can proceed according to multiple mechanisms. However, it is widely accepted that the most significant reactions are the adsorption of methanol and the oxidation of CO. Follows is a simplified reaction mechanism that will be used in this paper to model performance of DMFCs.
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This mechanism is similar to the mechanism used by Meyers and Newman [9] , but does not segregate the electrochemical oxidation of water reaction from the electrochemical oxidation of CO. This assumption does not change the kinetic expression appreciably and is applicable for Pt-Ru catalysts where the oxidation of water on Ru occurs much faster than the oxidation of CO.
The model presented in this paper seeks to provide a one dimensional (1-D), isothermal model of a DMFC that allows rapid prediction of polarization data and gives insight into mass transport phenomena occurring in the cell. Models currently in the literature leave out effects important for predicting full cell performance or include physical detail that encumbers the model and complicates its solution. Baxter et al. [10] developed a model for the DMFC anode which considers diffusion of CO 2 , H 2 O and methanol in the anode, but neglects the effects of the cathode and thus does not capture the effects of methanol crossover. They also used Butler-Volmer kinetics to describe the electrochemical oxidation of methanol. Meyers and Newman [9] develop a kinetic expression similar to the one used in this paper and provide parameters for the cathode reaction, but do to the level of detail included in their membrane model the non-linearity of their equations make the solution of the model difficult. Kulikovsy [11] solved an analytical model for the fuel cell anode to predict the anodic overpotential. However, the model presented could only be solved in the limits of low current or high current and did not allow prediction of full cell polarization behavior. Wang and Wang [12] used a CFD model to investigate a full DMFC fuel cell. This analysis included two-phase flow effects in the backing layers (BLs) but used a non-intuitive transition in kinetics at a certain concentration to describe the complex methanol oxidation reaction. Norlund and Lindbergh [13] develop an anode model that neglects the effects of methanol crossover and the cathode. Their model also assumes a flooded agglomerate model of the anode catalyst layer (ACL) that assumes a specific geometry for all reaction sites.
EXPERIMENTAL

Cell Preparation
Tests were performed on a 25 cm 2 fuel cell from Fuel Cell Technologies. The membrane electrode assembly (MEA) was constructed from a Nafion® 117 membrane with E-TEK 40% Platinum/C gas diffusion electrodes prepared according to the method of Wilson [14] . The anode loading was 3 mg/cm 2 of 1:1 Pt/Ru catalyst and the cathode loading was 1 mg/cm 2 of Pt. Tests were conducted using an 890C load cell from Scribner Associates Inc. with a methanol fuel system. The cell was broken in by running for 3 hours under a 5 A load with a 40 mL/min flow of 1 M feed to the anode and 50 mL/min flow of dry oxygen on the cathode. The cell temperature and inlet temperatures were 70°C. All reagents were certified as ultra high purity.
Testing
Prior to running tests with a given concentration of methanol the system was flushed with 1.5 L of methanol. The flow rates for the anode and cathode were then set to those necessary to maintain 5/5 stoichiometric excess ratios on the anode and cathode.
The minimum flow rate for all experiments was 10 mL/min on the anode and 50 mL/min on the cathode. The cell was next run under a load of 0.25A for 10 minutes or until the voltage reached steady-state. The load was set to 0 A for 10 minutes or until the voltage arrived at its steady open circuit value. Polarization curves were run in current scan mode with 0.02 A/point and 150 seconds/point.
MODEL DEVELOPMENT
Assumptions
The model presented here accounts for concentration variations of methanol across the anode backing layer (ABL), anode catalyst layer (ACL), and membrane. 8. Solutions are considered ideal and diluted.
9. Local equilibrium at interfaces can be described by a partition function.
10. The ACL is assumed to be a macro-homogeneous porous electrode and thus the reaction in this layer is modeled as a homogeneous reaction.
11. Anode kinetics can be described by the step mechanism, Eq. (1) -(3), with a rate expression similar to the one obtained by Meyers and Newman [9] .
12. The anodic overpotential is constant throughout the ACL. 13 . Cathode kinetics can be described by Tafel expression with no mass transfer limitations.
Applying these assumptions, the mass transport equations are developed and combined with the kinetic equations in order to calculate the cell voltage, which can be expressed as: 
Governing Equations and Boundary Conditions-Anode
The anode overpotential is obtained by first obtaining the concentration profiles across the various regions of the MEA.
Anode Backing Layer
The differential mass balance for methanol in the ABL is The boundary conditions for Eq. (7) are illustrated in Fig. 3 . It is assumed that concentration at the flow-channel/ABL interface is given by the bulk concentration in the flow channel. The concentration at the ABL/ACL interface is given by assuming local equilibrium with a partition coefficient I K .
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The differential mass balance for methanol in the membrane is 
The boundary conditions for Eq. (12) are illustrated in Fig. 3 . It is assumed that all the methanol crossing the membrane reacts at the cathode creating a very low concentration at the membrane/cathode-layer interface. The concentration at the ACL/membrane interface is given by assuming local equilibrium with a partition coefficient II K .
Anode Catalyst Layer
The methanol oxidation reaction at the anode is considered homogeneous. The differential mass balance for methanol in the ACL is ,
where the molar consumption rate ( ) 
The current density expression for methanol oxidation is taken from Meyers and Newman [9] as 0,
where a is the specific surface area of the anode, 0, The methanol flux in the ACL with an effective diffusivity A D is given by a similar expression as showed for the ABL.
,
Substitution of Eq. (16) and (18) into Eq. (15) gives the governing equation for methanol in the ACL as
The boundary conditions for Eq. (19) are illustrated in Fig. 3 . The methanol concentration at the interfaces is given as At :
The concentrations given in Eq. 
Analytical Solution-Anode
The solution to Eq. (7) - (9) is
The solution to Eq. (12) -(14) is
The solution to Eq. (19) -(21) is: 
Cathode
Tafel kinetics with first order oxygen concentration dependence is employed to describe the oxygen reduction at the cathode. This disagreement could be due to the fact that concentration and temperature effects on the thermodynamic potentials of the electrodes were neglected. Methanol polarization data above 0.5M could not be modeled with the same set of kinetic and transport parameters as was used for the cases shown in Fig. 4 . Trends in the predicted and modeled polarization curves in Fig. 4 are similar to those shown for 0.2M and 0.5M in Wang and Wang [12] . However, the limiting current densities Wang and Wang [12] predict are higher than those in Fig. 4 . In their paper, they contend that high current densities in DMFCs can be explained by the possibility of gas phase transport.
RESULTS AND DISCUSSION
The modeling parameters used are listed in Table 1 . Transport parameters agree well with literature values. The specific area ( a ) and the anode and cathode transfer coefficients can change due to electrode properties and were adjusted to fit the model to the experimental data. It was found that around the parameter set listed in Table 1 certain parameters could be adjusted simultaneously and the resulting fit did not alter the polarization curves significantly. One example is that increasing the exchange current density while increasing λ produced nearly equivalent curves. For this reason, all parameters in Table 1 are listed only to two significant digits. For the model development the methanol electro-osmotic drag coefficient was assumed to be a constant value, but when solving the model the methanol electro-osmotic drag coefficients was estimated at every point on the polarization curve according to the equation in Table 1 . Expressing the methanol crossover, as in Fig. 6 , in terms of the leakage current gives a more tangible understanding of the loss in efficiency due to methanol crossover. The leakage current can be reduced by running the cell at low methanol concentrations and high current densities. Thus to reduce crossover running at lower concentrations of methanol may be advantageous. The leakage currents calculated in this paper are similar to those calculated by Wang and Wang [12] . It should be noted that the leakage current goes to zero at the limiting current value for all concentrations. This provides a check that our transport equations are giving a physically meaningful concentration profile. 
CONCLUSIONS
